Per mil: A unit expressing the ratio of stable-isotopic abundances of an element in a sample to those of a standard material. Per mil units are equivalent to parts per thousand. Stable-isotopic ratios are calculated as follows:
R (sample) 8X = ( -f-J--1) x 1,000, R (standard) where X is the heavier stable isotope, and R is the ratio of the heavier, less abundant stable isotope to the lighter stable isotope in a sample or standard.
The 8 values for stable-isotopic ratios discussed in this report are referenced to the following standard materials:
Element _______________ R ________________________ Standard identity and reference __________ oxygen oxygen-18/oxygen-16 (818O) Vienna-Standard Mean Ocean Water (Fritz and Fontes, 1980, p. 11) hydrogen hydrogen-I/hydrogen-1 or deuterium/protium (8D) Vienna-Standard Mean Ocean Water (Fritz and Fontes, 1980, p. 13 ) boron boron-1 l/boron-10 (8 U B) National Bureau of Standards-Standard Reference Material 95 1 (Bassett, 1990 ) nitrogen nitrogen-is/nitrogen-14 (8 N) Standard atmospheric nitrogen, referenced to National Bureau of Standards, NBS-14 nitrogen gas (Fritz and Fontes, 1980, p. 16) Abbreviated water-quality units: 
Abstract
Samples of ground water and tertiarytreated water were evaluated to determine the distribution of injected water and trihalomethane compounds in the Hueco bolson aquifer near El Paso, Texas. Chloride and nitrate concentrations and oxygen-18/oxygen-16 (8 18O) values were used with end-member mixing analysis to estimate the fractional contributions of injected water, irrigation-affected water, saline ground water, and freshwater to ground-water chemistry.
Several laterally continuous sand and gravel layers are the principal water-yielding lithologies in the aquifer. The potentiometric surface sloped toward the south and southwest during January 1990. Average linear ground-water velocities were as large as 1.4 feet per day near the zone of largest hydraulic conductivity and were substantially smaller farther south and east.
Ground-water samples from as far as 2,900 feet from an injection well contained injectedwater tracers and trihalomethane compounds. Ground-water samples with injected-water tracers and no trihalomethane compounds may indicate infiltration from septic systems or oxidation ponds. Apparent breakthrough velocities of injected water in the aquifer ranged from 0.13 to 1.3 feet per day. Irrigation-affected water and saline water also were identified in water from several wells.
Ground-water transport of bromoform and dibromochloromethane is attenuated relative to injected water, chloroform, and dichlorobromomethane. Microbial transformation of bromoform and dibromochloromethane probably was responsible for their disappearance from ground water. Chloroform and dichlorobromomethane concentrations were affected principally by advective and dispersive transport of injected water.
INTRODUCTION
To supplement supplies of potable water, the El Paso Water Utilities-Public Service Board has injected tertiary-treated, reclaimed municipal wastewater into the Hueco bolson aquifer at the Hueco Bolson Recharge Project (HBRP) area in northeastern El Paso, Texas ( fig. 1 ). From May 1985 to March 1991, the El Paso Water Utilities-Public Service Board injected about 8.07 billion gal of reclaimed water into the Hueco bolson aquifer (White and Sladek, 1990, p. 4; Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1991) . In 1990, the U.S. Geological Survey (USGS), in cooperation with the El Paso Water Utilities-Public Service Board, Texas Water Development Board, and U.S. Department of the Interior, U.S. Bureau of Reclamation, began a comprehensive study of the effects on water quality that result from injecting reclaimed water into the Hueco bolson aquifer.
The HBRP was designed so that the residence lime of water that is injected into the aquifer would be at least 2 years (Knorr and Cliett, 1985) . Residence time is defined as the time between injection and withdrawal of water by adjacent production wells. An increased residence time can enhance removal of organic compounds, bacteria, and viruses by increasing their contact lime with biotransforming and inactivating processes (Gerba and Goyal, 1985; Treweek, 1985) . Thus, knowing the residence time of injected water in the aquifer can be useful in determining injection effects on ground-water quality.
Injected water can he distinguished from ambient, fresh ground water by differences in water chemistry. Distinguishing injected water using conservative chemical tracers can be difficult when additional, interfering sources of the tracers are present. A numerical method, end-member mixing analysis (EMMA), has been developed to identify the contributions of different solute sources to the observed water chemistry (Christopherson and others, 1990; Hooper and others, 1990) . The EMMA method also can be applied to determine the fraction of injected water in a sample withdrawn from a production well. Whether or not geochcmical or biological processes that affect potentially reactive constituents arc operating can be ascertained by comparing observed concentrations of the potentially reactive constituents to the conservative fraction of injected water calculated using the EMMA method.
The presence and transport of trihalomethane (THM) compounds in ground water is an important issue in reclaimed-water-injcction projects such as the HBRP. Wastewater entering the HBRP is treated by several tertiary processes and is chlorinated before being injected into the aquifer. Annual-mean concentrations of dissolved organic carbon in injected water from the HBRP (before injection) have ranged from 0.78 to 0.92 mg/L (White and Sladek, 1990, p. 35) . Chlorination of waters that contain organic carbon can create THM compounds, including the suspected carcinogens: chloroform, dichlorobromomethane, dibromochloromethane, and bromoform (Thurman, 1985) . Total THM concentrations in samples of injected water (before injection) collected between 1985 and 1988 ranged from 10 to 26 jig/L (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1990). The THM compounds in these analyses were mainly bromoform and dibromochloromethane. The maximum contaminant level for total THM compounds in public water systems is 100|ig/L and may be reduced to 25 jig/L by 1995 (U.S. Environmental Prolection Agency, 1990 ).
An understanding of biological and geochemical processes affecting THM compounds injected with reclaimed water into the aquifer is important to define their environmental persistence. Previous studies indicate that THM compounds are affected by sorptive and biotrans form ing processes. Sorptive retardation of THM compounds has been determined in laboratory and field studies under aerobic conditions (Curtis and others, 1986; Mackay and others, 1986; Roberts and others, 1986) . Sorptive retardation of THM compounds becomes more effective where the fraction by weight of solid-phase organic carbon in the aquifer is greater than 0.01 (Schwarzenbach and others, 1983) . Laboratory studies indicate substantial removal of the THM compounds by biotransformation under methanogenic and denitrifying conditions but not under aerobic conditions (Bouwerand others, 1981; Schwarzenbach and others, 1983; Bouwer and McCarty, 1984) .
Purpose and Scope
This report presents the results of a study of the hydrogeology and selected water-quality aspects of the Hueco bolson aquifer in the HBRP area at El Paso. The characteristics of local hydrogeology that are discussed as they pertain to solute transport include aquifer properties, ground-water flow, and sources of humanaffected recharge and solutes to ground water. Also included are selected water-quality aspects of the HBRP area, as determined from the water chemistry of injected water and other end members, and from the water chemistry of end-member tracers. The distribution of injected water and other end members in ground water and the distribution of THM compounds in ground water are discussed.
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Description of the Study Area
The HBRP area ( fig. 2) is about 3 mi south of the Texas-New Mexico State line in the northeastern part of El Paso. The study area comprises about 41.5 mi2 ( fig. 1 ). Ground-water chemistry was studied around the HBRP area that extends about 1.5 mi north, 1.5 mi south, 0.8 mi east, and 0.3 mi west of an array of injection wells (figs. 1,2). The Hueco bolson aquifer is in an alluvial basin known as the Hueco bolson. The term "bolson" pertains to the sediment-filled, intermontane basin surrounded by the Franklin Mountains on the west, a relatively low topographic divide north of the Texas-New Mexico border, the Hueco Mountains on the east, and the El Paso and Juarez valleys on the south (White, 1983, fig. l; p.4) . The HBRP facilities include a tertiary-wastewater-lreatment plant, the Fred Hervey Water Reclamation Plant (FHWRP), with a 10 Mgal/d capacity and a well field where reclaimed water is injected into the aquifer (Knorr and Cliett, 1985) . Wastewaler processed by the plant originates principally from domestic and commercial sources. Wastewater is treated by (I) primary clarification, (2) biological treatment under aerobic and anaerobic conditions with granular activated carbon, (3) lime treatment, (4) o/one disinfection, (5) pH adjusted filtration through granularactivated carbon, and (6) chlorination to produce reclaimed water. The reclaimed water meets or exceeds the primary drinking water standards of the U.S. Environmental Protection Agency (1990) . The reclaimed water is injected into the saturated zone of the Hueco bolson aquifer through 10 wells ( fig. 2) .
Several past and present land uses near the HBRP site also contribute human-affected recharge to the Hueco bolson aquifer (White, 1983 ; Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1992). A 622-acre former dairy farm located north of the eastern part of the HBRP area ( fig. 2 ) was irrigated intensely from 1956 to 1975 to produce corn for silage (Roger Sperka, El Paso Water UtilitiesPublic Service Board, written commun., 1992) . Unlined oxidation ponds west of well 6-503 at the FHWRP ( fig. 2 ) have contributed recharge to the aquifer since about 1963. Other small-volume sources of recharge to the aquifer include a seepage pond for cooling water and wastewater from metal plating at the El Paso Natural Gas Plant and residential septic systems in the Futureland subdivision ( fig. 2) .
Methods of Study

Hydrogeologic-Data Collection
Strata thicknesses and lithologies of aquifer sediments were classified using borehole-geophysical data from 16-in. and 64-in. normal resistivity, spontaneous potential, and natural gamma radiation logs (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1991; Brock and others, 1994) . The minimum thickness that could be logged accurately by a 16-in. normal resistivity log was 2.5 ft. A 15 ohm-m or larger response on the 16-in. normal log, in the same interval where the spontaneous potential response either remained constant or increased, indicated a sand unit. Lesser responses of the 16-in. normal log, with constant or increased spontaneous potential log response, indicated clay, sandy clay, or silty clay strata. Sand units containing brackish water were identified using a combination of (1) a 10-mV decrease in spontaneous potential log response relative to adjacent sand units, and (2) increases in 16-in. normal resistivity log response of 5 to 10 ohm-m relative to adjacent, suspected clay units. Thicknesses of sand layers classified in this manner were used to calculate vertically averaged values of hydraulic conductivity from published and unpublished transmissivity data, according to the following equation:
where K = hydraulic conductivity, in feet per day; T = transmissivity, in feet squared per day; and b = thickness of sand layers, in feet.
Water-level measurements were made in observation wells and selected production wells during January 1991 (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1991). The waterlevel measurements were made while injection wells were operating and nearby production wells were not pumping.
Water Sampling and Analysis
Water samples were collected during August and September of 1990 and 1991 from selected injection, observation, and production wells in the study area ( fig. 2 ). Chemical analyses of 50 ground-water samples collected from 6 observation wells, 14 water-supply or "production" wells, and from a withdrawal test of an injection well were used for this study. Eight samples of tertiary-treated injected water that were collected from two injection wells also were used. Samples were analyzed for physical properties, major cations and anions, trace elements, nutrients, and the slable-isotopic ratios of boron, hydrogen, and oxygen (Brock and others, 1994) . Samples were collected for organic analyses that included suspended organic carbon, dissolved organic carbon, volatile organic compounds, and semivolatile organic compounds. The aerobic and facultative anaerobic bacterial populations were determined for selected samples. Information regarding types of samples collected at each well, methods of sample collection and analysis, and water-quality data are presented in Brock and others (1994) . Selected constituents from these data are used in this report to characterize tracer constituents, redox conditions, and THM compounds in injected water, in other solute sources, and in ambient ground water. All data discussed in this report met USGS quality-assurance objectives for accuracy, precision, completeness, and representative character (Brock and others, 1994) .
End-Member Mixing Analysis
The evaluation of mixing between injected water and other ambient waters begins with "mixing diagrams" that use water-chemistry analyses to define distinct solute sources referred to as end members (Christopherson and others, 1990) . The diagrams are linear x-y plots of all constituents suspected to be indicators of conservative mixing in ground water (such as chloride and nitrate concentrations). Nitrite was not detected at concentrations greater than the reporting limit of 0.01 mg/L as nitrogen (N) in water samples collected from wells at the HBRP during 1990 and 1991 (Brock and others, 1994) . Therefore, in this report, concentrations of nitrite plus nitrate as N are discussed and referred to as nitrate concentrations. If the end members mix conservatively to produce the ambient ground-water chemistry, the observed constituent concentrations in the ground water will plot close to the polygon formed by drawing lines that connect the several end members.
The fractional components of "n" end members of a ground-water sample as characterized by "m" Chemical species can be determined by solving "n" The EMMA method requires that m > n -1. In this study, m = n -1. For applications where m > n -1, solution of the simultaneous equations is more complex, involving linear least squares estimation (Draper and Smith, 1981; Wolfram, 1988) . Each end member is described by using the concentrations of conservative constituents in samples that represent the end member. The fractional component each end member adds to a water sample is meaningful only if the end member is sufficiently different in concentration from other end members and if the concentrations of each solute within an end member are sufficiently constant in space and time.
The mixing diagrams alone cannot validate conservative mixing but can be used to invalidate conservative mixing for the observed end members. For example, if a water analysis plots substantially outside the polygon described by the end members on the x-y plot, at least one end member is incorrectly characterized, or missing, or the end members do not mix conservatively.
The match between the observed concentrations and the concentrations predicted by the EMMA method also provides a test of the choice of end members. The match was evaluated by a visual fit of the data with a 1-to-l relation between observed and predicted concentrations. If the slope of the predictions compared to the observations does not substantially coincide with the 1-to-l relation for one or more of the solutes, the end-member composition is questionable.
HYDROGEOLOGY
Aquifer Properties and Ground-Water Flow
The study area is underlain by unconsolidated alluvial deposits of interbedded gravel, sand, clay, and silt of the Hueco bolson (Richardson, 1909) . These sediments compose the Hueco bolson aquifer and range in thickness from less than 100 ft near the Franklin Mountains to about 9,000 ft within 4 mi east of the Franklin Mountains (Meyer, 1976, p. 5) . The thickest section of the alluvial fill lies in a trough that is oriented along and adjacent to the eastern base of the Franklin Mountains (White, 1983) . The sand and gravel strata contain quartz, jasper, feldspar, and clasts of basalt, rhyolite, and sandstone (Ted Small, U.S. Geological Survey, written commun., 1992). Clay minerals in sediments of the Hueco bolson are mostly montmorillonite with lesser amounts of illite and kaolinite (Garza and others, 1980) . The zones of the Hueco bolson aquifer that are used for injection mostly contain freshwater with a dissolved-solids concentration of less than 1,000 mg/L (White, 1983, p. 38) . The freshwater zone of the aquifer extends from the water table to depths ranging from about 200 ft to about 700 ft (Meyer, 1976, p. 13) . Parts of the aquifer to the north-northeast of the HBRP area and below the freshwater zone contain slightly to moderately saline water (dissolved-solids concentration 1,000 to 10,000 mg/L).
The principal lithologics in the freshwater part of the aquifer within the HBRP area are several laterally continuous layers of sand and gravel or silt and clay, with smaller, discontinuous interbeds of these lithologies (figs. 3,4). The sand and gravel units are the chief water-yielding strata of the aquifer. Many of the smaller layers may grade laterally into sediments of differing texture over distances of less than 100 ft. The overall lithologic continuity indicates that hydraulic continuity exists between the injection and production wells. The thicknesses of the sand and gravel layers, and the silt and clay layers indicate that their deposition principally was from alluvial fans extending eastward from the Franklin Mountains. The alluvial deposition patterns have been modified substantially by stream erosion and deposition. The fluvial processes are indicated by the smaller, laterally discontinuous strata.
The vertically averaged hydraulic conductivity of sand layers in the aquifer near the HBRP area ranged from 21 ft/d at well 5-501 to 88 ft/d at well 5-619 (Brock and others, 1994) . The values were calculated by dividing the transmissivity value at each well by the composite thickness of sand layers determined from borehole-geophysical data. Hydraulic conductivity of the aquifer ( fig. 5 ) is largest along a zone between wells 5-303,5-602,5-619, and 5-603; it decreases across the HBRP area toward the south and west. The true horizontal and vertical distributions of hydraulic conductivity in the sand layers probably are more complex than shown in figure 5. Lateral and vertical changes in sediment composition and hydraulic conductivity over short distances are typical of alluvial sediments of the Hueco bolson (White, 1983) . Estimates of specific yield ranging between 0.15 and 0.22 have been used to simulate ground-water flow near the HBRP (Garza and others, 1980, p. 10) .
The ground-water-flow system in the study area is controlled mainly by natural and human-affected sources of recharge and by discharge from watersupply wells (White, 1983) . Natural sources of recharge to the Hueco bolson aquifer in the El Paso area are infiltration of runoff along the eastern base of the Franklin Mountains, streamflow from the Rio Grande, and ground-water flow from north of the Texas-New Mexico border (White, 1983, p. 29 and fig. 14) . Major, documented human-affected sources of recharge have included the HBRP injection wells, irrigation-affected seepage from the former dairy farm, and seepage from the FH WRP oxidation ponds ( fig. 2 ; White, 1983) . The regional potentiometric-surface gradient throughout the area of the injection wells was south-southwest during January 1990 ( fig. 6 ). The potentiometric-surface gradient during this period was typical of those determined during injection operations at the HBRP area between 1986 and 1991 (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1991). Production wells 5-601, 5-603,5-604, and 6-402, used for gradient calculations, are pumped mainly during the summer.
The depth to water near the HBRP area ranged from 277.25 ft below land surface at well 6-503 to 384.4 ft below land surface at well 5-303 during January 1990 (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1991). The depth to water below the unlined oxidation ponds was assumed 
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to equal the value from well 6-503. A water-table mound is assumed to exist beneath the FHWRP oxidation ponds ( fig. 6 ). Velocities of ground-water flow in the Hueco bolson aquifer typically are less than 1 ft/d (White, 1983) . Average linear ground-water velocities near the zone of largest hydraulic conductivity near the HBRP area were calculated to be about 1.3 ft/d near wells 5-602 and 5-618 and 1.4 ft/d near wells 5-625 and 5-603 (table 1) . Average linear ground-water velocities were substantially smaller near wells 6-402 and 6-405 and near wells 5-621 and 5-604. Water-level measurements used for these calculations were from wells at least 300 ft from the nearest injection well to limit influences from short-term changes in injection rates. Garza and others (1980) calculated average linear ground-water velocities that ranged from 0.61 to 1.2 ft/d. These values were obtained from computer simulations of the aquifer that assumed injection rates of 500 to 1,000 gal/min and well-field pumping rates of 28,550 and 57,100acre-ft/yr.
The cumulative confining effect of intermittent layers or lenses of clay causes all but the uppermost saturated zones of the aquifer to react as a semiconfined or confined aquifer when pumped. Upward flow was detected by dye-tracer testing in 37 of 40 depth intervals among six fully screened observation wells within 700 feet of the injection wells (Brock and others, 1994) . Because most wells available for sampling also are screened through several hundred feet of aquifer, water samples probably represent mixing of water from different depths.
Sources of Human-Affected Recharge and Solutes to Ground Water
The principal source of human-affected recharge to the aquifer near the HBRP area is reclaimed-water injection. About 8.07 billion gal of reclaimed water were injected into the aquifer through the 10 injection wells between May 1985 and March 1991 ( fig. 7) . The injection wells are screened through intervals with altitudes ranging from about 3,112 to 3,708 ft-MSL at well 5-620 and about 3,179 to 3,801 ft-MSL at well 5-613 (Brock and others, 1994) . During the same period, about 9.8 billion gal ( fig. 7) were produced from the six adjacent production wells, 5-601,5-602,5-603,5-604, 5-605, and 6-402. These production wells are screened through intervals with altitudes ranging from about 3,168 to 3,651 ft-MSL at well 5-604 and about 3,217 to 3,662 ft-MSL at well 5-605 (Brock and others, 1994) . The injection wells are screened through intervals that overlap most of the range of screened intervals at the closest production wells. Results from preliminary modeling studies indicated a 6-year residence time for injected water in the aquifer, assuming piston-flow conditions (Knorr and Cliett, 1985) .
Irrigation-affected water previously was a major source of recharge and dissolved solids to ground water in the study area. Irrigation of com of the former dairy farm and the leaching of unsaturated-zone minerals by the infiltrating water caused ground water in the eastern half of the HBRP area to contain larger dissolvedsolids and nitrate concentrations than did ground water from the western part of the HBRP area (White, 1983, p. 52-63) .
The com was irrigated with about 32.3 billion gal of water from the Hueco bolson aquifer from 1956 to 1975 and about 1.0 billion gal of cooling water from the El Paso Electric Company from 1965 to 1975 (White, 1983, p. 54) . After consumptive use of water by the corn, an estimated 15.85 billion gal of irrigationaffected recharge reached the aquifer from about 1964 to 1978 (Lee Wilson and Associates, 1991, p. 95) . The first arrival of irrigation-affected recharge at the saturated zone was observed in 1964, about 8 years after irrigation began (White, 1983) .
Infiltration of wastewater from the unlined oxidation ponds at the FHWRP also is a source of recharge and solutes to ground water near the HBRP area. The ponds were used from 1962 to 1985 to evaporate and oxidize wastewater from the wastewatertreatment plant. The ponds were used after 1985 to temporarily store untreated wastewater when its volume exceeded the FHWRP's treatment capacity. Seepage from the ponds was estimated to be about 2.9 Mgal/d, from water-budget studies, or a total of 25 billion gal between 1964 and 1987 (White, 1983, p. 64; Lee Wilson and Associates, 1991, RM-3, p. 96) . A 1980 potentiometric-surface map indicates that ground water, and thus any wastewater-related contaminants that had reached the saturated zone, were moving away from the ponds toward the west and southwest (White, 1983, fig. 30 ).
Another potential source of solutes to local ground water is water from wells that penetrate the saline-water zones of the aquifer. For example, production well 5-303 is screened through the freshwater zone of the aquifer and into underlying slightly saline water Figure 7. Cumulative volumes of injected water from the Hueco Bolson Recharge Project area, El Paso, Texas, water produced from adjacent wells, and the cumulative difference between injected and produced volumes. with dissolved-solids concentrations ranging from 1,000 to 3,000 mg/L (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1990). Pumping-induced flow of saline water toward wells that are screened at depths near the interface between the freshwater and saline-water zones also could increase ground-water salinity.
SELECTED WATER-QUALITY ASPECTS Injected Water and Other End Members
End members used to determine the contribution of different solute sources to ground-water chemistry were initially described using water samples representing major sources of recharge and solutes to ground water. They are:
1. Injected water This end member represents the chemistry of treated water that is injected into the Hueco bolson aquifer by the HBRP. Samples of injected water were collected at the wellheads of injection wells 5-613 and 5-624 before injection.
2. Irrigation-affected water-This end member represents the chemistry of ground water that is affected by dissolved solids leached by infiltrating water from the irrigation of the former dairy farm. The water chemistry of the irrigation-affected water end member was defined by an analysis of a 1990 water sample from well 5-602 ( fig. 8A ). Increased chloride, dissolvedsolids, and nitrate concentrations in water from several wells that are downgradient from the former dairy farm were attributed to irrigationaffected infiltration (White, 1983, p. 52-64 4. Freshwater-This end member represents ground water with dissolved-solids concentrations less than 1,000 mg/L that predated the humanaffected sources of recharge described in this report. Wells with water quality meeting these conditions include 5-204 and 5-301 that are upgradient from the HBRP area and 5-501, 5-607, and 5-615 that are downgradient from the HBRP area (White, 1983, p. 60) .
Samples of water from wells near the unlined oxidation ponds at the FH WRP, water from the unlined oxidation ponds, water from the seepage pond at the El Paso Natural Gas compressor station, and water from residential septic-system seepage from the Futureland subdivision either could not be sampled or were outside the scope of this project. An end-member representation of the water chemistry of infiltration from these sources therefore was not made.
Water Chemistry of End-Member Tracers
Potential chemical tracers of injected water and other solute sources in ground water were selected from among chloride, bromide, iodide, nitrate, boron, and the stable-isotopic ratios of hydrogen (5D), oxygen (818O), and boron (5 n B). A tracer is matter or energy carried by a medium that can indicate the direction and velocity of its flow in the medium (Davis and others, 1985) . An ideal ground-water tracer (1) travels with the same velocity and direction as ground water, (2) does not interact with the aquifer solids, (3) is introduced in concentrations that are substantially different from background water in the aquifer, (4) is nontoxic, and (5) does not modify aquifer properties. The following discussion focuses on characteristics (1), (2), and (3) as related to the potential tracers listed above. None of the potential tracers are toxic in concentrations previously determined in ground water in the study area (Roger Sperka, El Paso Water Utilities-Public Service Board, written commun., 1992). The potential tracers do not measurably affect the aquifer properties of the bolson sediments.
Chloride and bromide are not appreciably affected by oxidation-reduction reactions, adsorption on mineral surfaces, or mineral precipitation that would affect their transport in ground water (Whittemore, 1988, p. 340) . Iodide is very water soluble but its transport can be retarded by sorption onto natural organic matter (Lloyd and others, 1982, p. 250; Davis and others, 1985, p. 96) . Potential sources of chloride, bromide, and iodide to ground water near the HBRP area include injected water, leaching of soluble chlorideand bromide-containing minerals by infiltration of irrigation water, and water from the saline zone of the aquifer.
Nitrate is a possible tracer in oxidizing ground water because of its stable anionic form and its lack of solubility and sorptive constraints (Freeze and Cherry, 1979, p. 413) . Reduction of nitrate by denitrifying bacteria in oxygen-limited environments, however, can remove nitrate from ground water and limit its use as a tracer. Oxidizing conditions, as indicated by measurable dissolved-oxygen concentrations in ground water, must be demonstrated for nitrate to be applied as a ground-water tracer. Potential sources of nitrate to ground water near the HBRP area include injected water and leaching of fertilizers and soluble nitratecontaining minerals by the infiltration of irrigation water.
Boron has been used successfully to trace treated domestic wastewater effluent in sand and gravel aquifers that lack clay minerals (Barber, 1985) . The ratio of 5 B also has been proposed as a tracer of humanaffected contamination in ground water (Bassett, 1990) . Boron in domestic wastewater originates principally from the use of perborate bleach additives in detergents (Waggott, 1969) . Boron is also commonly present in natural waters from the leaching of rocks, minerals, and soils. Boron principally is present in natural waters with pH values less than 9.24 as a neutral ion pair fB(OH)3 l (Bassett, 1976) . The transport of boron, however, can be retarded by irreversible adsorption onto montmorillonite clays like those in Hueco bolson sediments (Garza and others, 1980) . The 5 B values of boron also may vary because boron-10 is preferentially adsorbed onto clay minerals relative to boron-11 (Palmer and others, 1987) .
The stable-isotopic ratios of 5 18O and 5D are potential tracers of ground-water flow and mixing because they are present in the water molecule itself. As such they are ideal tracers of the different sources of recharge and the evaporative, mixing, or reactive history of the water during ground-water flow (Fontes, Differences among the end members using chlo- The 8 O and 8D values for all end members are isotopically heavier than those of meteoric water; thus they fall to the right of the regional meteoric-water line on a plot of 8D versus 8 18O ( fig. 12 ). The regional meteoric-water line on the 8D versus S 18O plot is defined by values that are typical of regional precipitation from Pacific Ocean air masses (Hoy and Gross, 1982, p. 67) . The saline-water sample is isotopically lighter than all other water samples collected during this study. These data indicate that the stable-isotopic content of ground water has been slightly modified by evaporation and not by mixing of ground water with an isolopically heavier brine.
Water-quality and microbial data indicate that oxidi/ing conditions predominate in ground water at the HBRP, and thus, nitrate concentrations are suitable for end-member definition. Dissolved-oxygen concentrations in ground water ranged from 0.7 mg/L at well 5-303 to 6.3 mg/L in injected water from the wellhead of well 5-613 (table 2). Aerobic bacteria composed about 74 percent of the microbial population at observation well 6-405 and more than 99 percent of the microbial population at the nine other wells sampled (Brock and others, 1994) . In addition, nitrogen isotopic ratios of water from local wells (table 3) are typical of nitrate that is predominantly derived from soil nitrogen with no apparent reduction by denitrification reactions (Kreitler and Jones, 1975) . The S^N ratio ranged from 3.2 at well 5-501 to 7.6 at well 5-204 (table 3) in samples collected by the USGS in 1988.
Boron concentrations and 5 B values indicated differences among the injected water, irrigationaffected water, and freshwater end members ( fig. 13A ). The 8 U B values of injected water ranged from 6.0 to 10.6 per mil (fig. 13 A; table 2) . These values generally were greater than those from boron in the mineral borax from Searles Lake, California (-0.9 to 6.5 per mil; Bassett, 1990, p. 544) . Borax from Searles Lake is a major source of the boron in many detergents (Dr. Randy Bassett, University of Arizona, oral commun., 1993). These data indicate that boron in the injected water originated from a mixture of natural and detergent-related sources. The S^B values for irrigationaffected water is among the largest determined for natural water (Bassett, 1990, p. 544) . The mixing region defined by the 5 1! B and boron concentrations of end members is nonlinear because 8 n B is a ratio, not a concentration (see per mil definition in "Conversion Factors"), and the boron concentrations of the end members differ ( fig. 13A ). This nonlinearity rules out use of 8 1 1 B values in the linearly-based EMMA method.
Among the potential tracers of injected water, chloride, nitrate, and SO have the fewest potential geochemical limitations to their use. Although boron concentrations also indicate differences among the four end members, the potential for sorptive retardation of boron cannot be discounted easily. Chloride, nitrate, and 518O therefore were used for the EMMA method.
Distribution of Injected Water and Other End Members in Ground Water
EMMA-predicted concentrations of solute tracers closely agree with the observed analytical data from ground-water samples ( fig. 14) . The agreement is critical to the accuracy of EMMA-calculated contributions of end members to the chemistry of ground-water samples (Christopherson and others, 1990) .
The EMMA method results indicate that injected water has reached one production well (5-605) south of and two production wells (5-601 and 6-402) north of the injection wells as of the 1991 sampling ( fig. 15 ; table 4). These results indicate that the residence time of injected water in the aquifer may be less than the 6 years estimated by Knorr and Cliett (1985) . Tracers of injected water were not present or had not reached detectable concentrations in samples from the most permeable parts of the aquifer (wells 5-603 and 5-604) as of the 1990 and 1991 samplings. Regional meteoric-water line (Hoy and Gross, 1982) 
Regional meteoric-water line (Hoy and Gross, 1982) Water samples that contained injected-water tracers were grouped into three categories, or water types, according to their total concentrations of THM compounds. These 3 water types are: (1) those with total THM compound concentrations greater than 500 ng/L, (2) those with total THM compound concentrations ranging from 20 to 500 ng/L, and (3) those with no detectable THM compounds ( fig. 15; table 4) . A concentration of THM compounds less than the detection limit of 20 ng/L (<20 ng/L) indicated that no detectable concentrations of THM compounds were in the water sample. Water samples of type (1) are from wells 5-621, 5-622, 5-625, and 6-405 that are within 700 ft of an injection well ( fig. 16A-C (2) are from observation wells 5-618 and 5-626 and production wells 5-601,5-605, and 6-402 (figs. 15 and 16A-C; table 4). Observation well 5-618 is about 300 ft from the nearest injection well, 5-619 ( fig. 2) . The remaining wells with type (2) water samples range from about 1,170 to 2,900 ft away from the nearest injection wells. Water samples of type (3) are from wells 6-401 and 6-404.
The distribution of types (1) and (2) fig. 13B ). The boron data from several types (1) and (2) water samples coincide with samples that define the freshwater end member. Sorption-related changes in concentrations of boron and its stable isotopes would explain the retardation of boron migration in ground water relative to the injected-water tracers. Changes in the source concentrations of boron and its stable isotopes since reclaimed-water injection commenced also would explain the differences in these distributions. The principal sources of wastewater to the plant remain primarily from domestic and commercial wastewater, making it likely that the source concentrations of boron have not changed appreciably since 1985.
The apparent breakthrough velocity of injectedwater tracers through the entire screened depth of the aquifer was estimated for water samples with fractions of injected-water tracers that ranged from greater than 0.4 to less than 0.6 and with detectable concentrations of THM compounds. "Breakthrough" is defined as the time required for half the original concentrations or values of injected-water tracers to reach a well. Wells with a water sample meeting breakthrough conditions included 5-605, 5-622, 5-625, 6-402, and 6-405 (table 4) . When a water sample reflected a breakthrough of injected-water tracers between sampling events (well 6-405), a range of apparent breakthrough velocities was calculated. When a water sample reflected a breakthrough of injected-water tracers before the study (well 5-601), a minimum apparent breakthrough velocity was indicated by a greater-than sign preceding the value in table 5. The calculation of apparent breakthrough velocity was made as follows (Freeze and Cherry, 1979, p. 390-391) : where V(app) = the apparent longitudinal breakthrough velocity, in feet per day, from the injection well to the sampled well; x = the distance, in feet, from the injection well to the sampled well; t _ Q , = the time, in days after a reference ° time, when the water sample with a fraction of about 0.5 injected water, was collected;
(c/c = 0.5) = the position of the advective front at breakthrough; and t = the initial time, in days after a reference time, of the start of reclaimed-water injection at the nearest injection well.
The apparent breakthrough velocities of injected water range from about 0.13 ft/d between wells 5-624 and 5-625 to about 1.3 ft/d between wells 5-616 and 5-605 (table 5) . The apparent breakthrough velocity between injection well 5-624 and observation well 5-625 is less than the average linear ground-water velocity approximately between wells 5-625 and 5-603 (tables 1 and 5). The apparent breakthrough velocity between injection well 5-620 and observation well 5-622 is also less than the average linear ground-water velocity along a parallel line between wells 5-621 and 5-604. Dispersive mixing is the likely cause for the smaller apparent breakthrough velocities. The average breakthrough velocity of injected water may be slower than the average linear groundwater velocities because of transverse components of dispersion and adjective transport. A substantial transverse component to dispersion would dilute injectedwater tracer concentrations more than if transport was principally in just one dimension. The result would be a decrease in the apparent, average breakthrough velocity of injected water from that predicted using a onedimensional flow equation. The complete breakthrough of injected water at wells 5-621 and 5-625 (injected-water fraction = 1.0) indicates that the effect of transverse dispersion is not important near these wells. It is more likely that the effect of transverse dispersion and dilution of injected water is more important at wells 5-622 and 5-626, which are farther downgradient from the injection wells.
The results of the calculations of average breakthrough velocity should be considered "best estimates," given the limitations of well construction, HBRP operation, and nonhomogeneous, anisotropic-aquifer conditions. Water samples used for the EMMA method were collected from wells that produce from several hundred feet of aquifer and, therefore, probably represent vertically-averaged concentrations from several permeable zones. The equation used to calculate the breakthrough velocities also assumes that injection rates are relatively constant with time. However, the monthly volume of water injected at the wells closest to the observation wells (6-406,5-616,5-620, and 5-624) was variable during HBRP operation, ranging from 0 to Wells more than 1,000 feet from iniection 
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Apparent breakthrough is defined as the detection of a 0.5 fraction of injected-water tracers in a sample. Sample was collected from a depth of 690 feet below land surface. 3 Sample was collected from a depth of 605 feet below land surface. about 44 Mgal per month (Brock and others, 1994) . In addition, the velocity calculation assumes that transport of injected-water tracers is through homogeneous, isotropic granular geologic material (Freeze and Cherry, 1979, p. 390-391) . The average breakthrough velocities of injected water in table 5, therefore, may not represent actual velocities in discrete horizontal zones or alluvial channels within the aquifer.
Samples from wells 5-601, 5-618, 6-402, and 6-405 upgradient from the injection-well array all contained tracers of injected water and detectable concentrations of THM compounds ( fig. 15 ). These data indicate that injection and pumping caused a reversal of the potentiometric-surface gradient and induced flow of injected water to the north. The effect of pumping is not apparent in the water-level contours ( fig. 6 ) because the water levels were measured when production wells were not operating.
The detection of injected-water tracers but no detectable THM compounds [type (3) waters] in samples from wells 6-401 and 6-404 may indicate the influence of recharge from septic-system drainage from the Futureland subdivision or seepage from the unlined oxidation ponds at the FHWRP (figs. 2 and 15). That is, the lack of THM compounds in these samples indicates that the source of the tracers was not from HBRP injection. Potentiometric-surface data ( fig. 6 ) indicate that these wells are downgradient ( fig. 2 ) from the Futureland subdivision and the oxidation ponds.
Water samples with reportable components of irrigation-affected water include those from wells 5-604, 5-605, 5-621 (1990 samples), 5-625, 6-401, and 6-405 (table 4) . These wells are in the region that has been influenced by irrigation-affected changes in dissolved-solids concentrations (White, 1983, fig. 32b, p. 60) . Only the 1990 samples from wells 5-604 and 5-625 contained fractions of irrigation-affected water greater than or equal to 0.1.
Water samples with fractions of saline-water solutes that are greater than 0.1 include those from wells 5-605, 6-401, 6-402, and 6-404 (table 4) . These four wells are all located in the easternmost part of the HBRP area where the saturated thickness of the freshwater part of the Hueco bolson aquifer is smallest (White, 1983, fig. 36 ).
Distribution of Trihalomethane Compounds in Ground Water
Total concentrations of all THM compounds, in injected-water samples before injection, ranged from 18,4(X) to 34,600 ng/L (table 2). These concentrations were less than 35 percent of the current maximum contaminant level of 100,000 ng/L (or 100^ig/L) for the sum of all THM compounds in a public water supply (U.S. Environmental Protection Agency, 1990). Ground-water samples from the closest observation wells to the injection wells, 5-621, 5-625, and 6-405, had total THM concentrations that ranged from 580 to 1,900 ng/L. About 90 percent or more of the total THM concentrations in injected water have been lost during ground-water flow between injection and detection at these wells. By comparison, the fractions of injected water in samples from these wells ranged from 0.4 to 1 (table 4). These data indicate that changes in THM concentrations are greater than can be explained by dilution from advective and dispersive transport of injected water in ambient ground water.
The data also indicate that the transport of brominated THM compounds generally is attenuated relative to the transport of chlorinated THM compounds ( fig.  16A-C) . Concentrations of bromoform (1990) that ranged from 14,000 to 26,000 ng/L in injected-water samples had decreased to 60 ng/L at well 6-405 within about 3(X) ft of an injection well and to less than 20 ng/L at wells 5-621 and 5-625 within about 300 ft of injection wells ( fig. 16A-C) . Similar patterns of change were observed fordibromochloromethane. Chloroform and dichlorobromomethane concentrations are similar to or greater than their injected concentrations in samples at observation wells within 300 to 700 ft of the closest injection well. The relative attenuation of the THM compounds increases in the following order: Chloroform = Dichlorobromomethane < Dibromochloromethane < Bromoform.
The breakthrough of chloroform with injected water at a distance of about 700 ft indicates that sorption probably does not control THM transport in the aquifer. The degree to which THM's and other nonpolar organic compounds are sorbed or "partition" into the organic material of aquifer solids is directly proportional to their octanol-water partition coefficients. The octanol-water partition coefficient of chloroform is 93 (table 6). If sorption was an important attenuating process for chloroform and other THM's, substantial attenuation of chloroform relative to the tracers of injected water should have occurred.
Abiotic, aqueous hydrolysis reactions also are probably not responsible for attenuating the concentrations of brominated THM compounds relative to injected water and chloroform. In these reactions, the halogenated compound reacts with water resulting in an exchange of one of the halogen atoms of the compound with a hydroxyl group from the aqueous medium. The half-lives of chloroform and bromoform, when decomposed by abiotic hydrolysis reactions, are 3,500 and 687 years, respectively (table 6; Schwar/enbach and Giger, 1985) . The lack of brominated THM compounds in ground water beyond about 300 ft of the injection wells indicates that the process responsible for their decomposition proceeds at a much faster rate.
Microbial transformations are left as the most likely process responsible for the disappearance of brominated THM compounds from ground water. Retardation of bromoform and dibromochloromethane relative to chloroform and injected water was much greater in the HBRP area than at the Palo Alto baylands experiment in California (Roberts and others, 1987) . In the HBRP area, oxic or aerobic conditions prevailed in ground-water samples. Microcosm studies of water and sediment from the Palo Alto study indicated that all THM compounds were biotransformed under anaerobic but not aerobic conditions (Bouwer and others, 1981) . These data and the preceding discussion indicate that the ground-water transport of brominated THM compounds in the HBRP area probably is attenuated by (1) anaerobic biotransformation in undefined, reduced redox zones of the aquifer, or (2) transformation by an unknown aerobic microbial or chemical process. The latter explanation is more likely, given the available data.
Decreases in chloroform and dichlorobromomethane concentrations between 1990 and 1991 water samples from wells 5-621,5-625, and 6-405 contrast with increased fractions of injected water at these wells (tables 2,4). The concentrations of chloroform and dichlorobromomethane in 1991 water samples from these wells are similar to or greater than the range of concentrations in injected water from 1990 and 1991 samples (table 2) . Changes in the chlorination of injected water would explain the variation in chloroform and dichlorobromomethane concentrations in ground water. Detectable concentrations of THM compounds were used with the EMMA method results in the preceding discussion to verify the presence of injected water in a water sample. Other potential sources of wastewater also contain substantially smaller concentrations of the THM compounds. These potential sources include seepage of wastewater from the oxidation ponds at the FHWRP, from the Futureland residential septic systems, and the seepage pond at the El Paso Natural Gas Plant.
Concentrations of THM compounds sampled from wastewater entering the FHWRP during a 5-day period in 1991, using a detection limit of 5,000 ng/L, were not detected on 3 days, and were detected at concentrations of 6,000 and 9,000 ng/L on days 3 and 4 of the test, respectively (Parkhill and others, 1991, table RM-2-4) . This wastewater is the same as that stored in the oxidation ponds on the FHWRP site. Concentrations of THM compounds in seepage from the ponds also should have been diminished by biotransforming processes during infiltration. The large volume of wastewater seepage from the ponds and an ammonia concentration of 2.3 mg/L in a 1988 water sample from the adjacent well 6-503 (D.E. White, U.S. Geological Survey, written commun., 1988) indicate the prevalence of reduced conditions in the aquifer near the ponds. Reduced conditions favor the biotransformation of THM's to other species or compounds (Bouwer and McCarty, 1984) . The septic-system effluent from the Futureland subdivision is not chlorinated before disposal and, therefore, should have smaller concentrations of THM compounds than in injected water. Detectable concentrations of THM compounds in ground water therefore should be associated only with injected water.
The detection of chloroform at 140 ng/L in water from well 5-303 indicates the possible origin of traces of chloroform from an unknown source (table 2) . Well 5-303 is about 1 mi upgradient from the HBRP area, eliminating injected water as a potential source of the chloroform (figs. 2 and 6). The well is on property adjacent to the El Paso Natural Gas Plant and the former dairy farm. It is unknown whether the sewage pond or irrigation waters were chlorinated or contained chloroform before their disposal. These data indicate that detection of chloroform, independent of the EMMA method results, is not diagnostic of the presence of injected water in a ground-water sample.
SUMMARY
Several laterally continuous layers of sand and gravel or silt and clay with smaller discontinuous interbeds of sand and clay are the principal lithologies in the freshwater part of the aquifer near the Hueco Bolson Recharge Project (HBRP) area. The sand and gravel units are the chief water-yielding strata of the aquifer. The overall lithologic continuity indicates that hydraulic continuity exists between the injection and production wells. The vertically averaged hydraulic conductivity of sand layers in the aquifer near the HBRP area ranged from 21 to 88 ft/d. Hydraulic conductivity in the aquifer is largest along a zone between the southwest comer and the north-central part of the HBRP area and decreases across the HBRP area toward the south and west. The potentiomelric-surface gradient throughout the area sloped toward the south and southwest during January 1990. Average linear ground-water velocities near the zone of largest hydraulic conductivity were about 1.3 ft/d near wells 5-602 and 5-618 and 1.4 ft/d near wells 5-625 and 5-603. Average linear ground-water velocities were substantially smaller near wells 6-402 and 6-405 and near wells 5-621 and 5-604.
The principal source of human-affected recharge to the aquifer near the HBRP area is reclaimed-water injection. About 8.07 billion gal of treated wastewater were injected into the aquifer through 10 injection wells between May 1985 and March 1991. Other potential sources of human-affected recharge include irrigation-affected water from a former dairy farm on an adjacent property and seepage from unlined oxidation ponds at the FHWRP.
The numerical method, end-member mixing analysis (EMMA), was used to define fractional components of injected water and other solute sources to ground-water chemistry. Chloride, nitrate, and 8 18O were the conservative tracers used to differentiate among potential sources of recharge and solutes to ground water. The major end members that contribute to ground-water chemistry at the HBRP area are injected water, irrigation-affected water, saline ground water, and freshwater. EMMA-predicted concentrations of solute tracers closely agreed with the observed analytical data from ground-water samples.
Injected-water tracers were present in fractions greater than 0.10 in water samples of three types: (1) those with total THM compound concentrations greater than 500 ng/L, (2) those with total THM compound concentrations ranging from 20 to 500 ng/L, and (3) those with no detectable THM compounds. Water samples of type (1) are from wells within 700 ft of an injection well. Most water samples of type (2) are from wells that range in distance from about 300 to 2,900 ft from the nearest injection well. Type (3) water samples had no detectable THM compounds and do not represent injected water. Type (3) water was found in wells 6-401 and 6-404, northeast and east of the HBRP area; sources of the tracers in these wells may be recharge from septic systems or oxidation pond seepage. The apparent breakthrough velocity of injected water in the aquifer ranged from 0.13 ft/d between wells 5-624 and 5-625 to 1.3 ft/d between wells 5-616 and 5-605. Irrigation-affected water and saline water also were identified in fractions greater than 0.1 in water from several wells.
The transport of bromoform and dibromochloromethane in ground water is attenuated relative to injected water, chloroform, and dichlorobromomethane. Chloroform and dichlorobromomethane are not attenuated in their transport relative to injected water. The brominated THM compounds probably are attenuated in ground water transport by: (1) anaerobic biotransformation in undefined, reduced redox zones of the aquifer, or (2) transformation by an unknown aerobic microbial or chemical process. 1 Upper depth of sampled interval represents the most recent recorded depth to the water table (Brock and others, 1994 Depth of sample collection in well using a thief sampler. Table 2 
